We investigated physiological responses of radiata pine (Pinus radiata D. Don) roots to soil strength and soil water deficit by measuring the osmotic potential (Ψ π ) and yield turgor (Y) in the elongation zone of root segments of seedlings growing (i) in polyethylene glycol 4000-containing rooting solution of different water potentials (Ψ s ) and (ii) in soil of different soil strengths (Q) at the same soil matric potential (Ψ m ). Root elongation rate (∆l/∆t) decreased progressively with decreasing Ψ s and was associated with decreased Ψ π and decreased turgor pressure (P). Osmotic adjustment occurred at Ψ s < -0.2 MPa. Over a range in Ψ s of -0.01 to -1.0 MPa, Ψ π fell 0.3 MPa whereas P fell 0.7 MPa. Mean Y in the solution experiment was 0.37 MPa and did not differ significantly with Ψ s (P = 0.10). Root elongation rate decreased exponentially as Q increased from 0 to 3.0 MPa, and was associated with an increase in P of 0.11 MPa as a consequence of Ψ π decreasing by the same amount. Mean Y in the soil experiment was 0.49 MPa and did not change significantly with Q (P = 0.87).
Experimental design
Experiments were carried out with Pinus radiata D. Don (radiata pine) seedlings both in solution culture (mechanical impedance zero, varying solution water potential) and in soil (nearly constant and high matric potential, varying mechanical impedance).
In the solution experiment, 2-week-old seedlings of radiata pine were transferred to aerated nutrient solution (Sun and Payn 1999) containing sufficient polyethylene glycol 4000 (PEG 4000) to give rooting media with water potentials (Ψs) of -0.01 (no PEG 4000), -0.03, -0.07, -0.1, -0.2, -0.5 and -1.0 MPa. Three seedlings were planted in each of six 500-ml pots for each Ψs treatment.
In the soil experiment, a loamy sand soil (pumice) was uniformly repacked into 100 × 48 mm (i.d.) stainless steel tubes to six bulk densities (ρb) (0.70, 0.75, 0.775, 0.80, 0.825 and 0.85 g cm -3 ) as described by Misra and Li (1996) . The soil samples were saturated in a water bath overnight and then equilibrated in a pressure plate apparatus at a soil matric po-tential (Ψ m) of -0.01 MPa. The soil strength (Q) of the samples was measured by a cone penetrometer (cone base diameter 2 mm, tip semi-angle 30°) immediately after equilibration (Misra and Li 1996) and three germinating radiata pine seeds were planted in each tube. Precautions were taken to minimize water loss (Zou 1999 ). There were six tubes for each of six bulk densities. All seedlings were grown for 7 days in a controlled environment cabinet (12-h photoperiod at 700 µm m -2 s -1 PAR, a day/night temperature of 20/17°C, and a relative humidity of 80%). In the solution experiment, the rooting medium was changed every second day. In the soil experiment, the tubes (initially at -0.01 MPa water potential) were not rewatered during the 7-day experiment.
Measurements of Ψπ were made of the bulked roots of the three seedlings in each of three pots in the solution experiment and three tubes in the soil experiment. The Ψπ of root segments of the elongation zone between 2 and 5 mm from the root tip was measured with a psychrometer (TruPsi Water Potential Meter, Decagon Devices Inc., Pullman, WA) similar to the method described by Van Volkenburgh and Cleland (1986) . Turgor pressure (P) was determined as Ψs (or Ψm) -Ψπ. Yield turgor (Y ) was determined by the stress relaxation technique described by Sands et al. (1992) on bulked roots of the three seedlings in each of the remaining three pots in the solution experiments and three tubes in the soil experiment. There were six replicates.
Roots elongating in soil encounter mechanical impedance. Sands (1983) modeled root growth in soil as:
where ∆l/∆t is root elongation rate, Φ is cell wall yielding coefficient, P is root turgor pressure, Y is yield turgor pressure, P s is soil mechanical impedance, Ψ is the total water potential of the root (which is assumed to be equal to the osmotic potential, Ψ s, in rooting medium or the matric potential, Ψ m , in soil), and Ψ π is osmotic potential of the root. The effective turgor pressure (∆P) is the driving force for cell elongation and is calculated as:
Results and discussion
In the solution experiment, ∆l/∆t decreased progressively with decreasing Ψ s (Figure 1a ). Osmotic potential (Ψ π ) decreased by 0.33 MPa (about 30%) when Ψ s decreased from -0.20 MPa to -1.0 MPa (Figure 1b ). Turgor pressure (P) decreased linearly with decreasing Ψ s from 0 to -0.20 MPa and also linearly, but at a lesser slope, at Ψ s < -0.20 MPa, indicating that osmotic adjustment commenced at about -0.20 MPa (Figure 1c) . Mean root cell P was 1.13 MPa at Ψ s = -0.01 MPa and dropped to -0.45 MPa at Ψ s = -1.0 MPa. Mean Y was 0.35 MPa and did not change significantly (P = 0.10) with Ψ s . Consequently, the pattern of decrease in ∆P with decreasing Ψ s was similar to that of P.
The ∆l/∆t of radiata pine roots decreased exponentially with increasing Q (Figure 2a ). This was accompanied by a decrease in Ψπ and a net increase in P (Figures 2b and 2c) . At Q = 0, Ψπ was about -1.08 MPa. When Q increased from 0 to 3.0 MPa, mean Ψπ decreased by about 0.11 MPa as a result of osmotic adjustment in response to increasing Q. This is similar to the values reported by Atwell (1988) and . Turgor pressure increased from 1.07 to 1.18 MPa as a direct consequence of the decrease in Ψπ (Figure 2b) . Mean Y was 0.49 MPa in the soil experiment and did not change significantly with Q (P = 0.87). When Q increased from 0 to 3.0 MPa, ∆l/∆t decreased from 8.28 to 1.90 mm day -1 (Figure 2a) , despite an increase in P of 0.11 MPa (Figure 2c ) resulting from osmotic adjustment (Figure 2b ). This was caused by a reduction in ∆P in response to the contribution of P s . The ratio between Q and P s increases progressively with increasing Q (Dexter 1987) and ranges from 1.8 to 3.8, depending on aggregate size, strength and soil compressibility (Whiteley et al. 1981, Bengough and McKenzie 1997) . If we assume that P s = 1/3 Q (Yau and Sands 1992) , P s will increase by 1.0 MPa when soil strength is increased from 0 to 3.0 MPa, which is significantly larger than the increase in P of 0.11 MPa from osmotic adjustment (Figure 2b) , and ∆P could decrease by 0.90 MPa (Equation 2).
Increases in P with increasing Q have also been reported by Greacen and Oh (1972) and Clark et al. (1996) in pea (Pisum sativum L.) roots, Atwell (1988) in lupin (Lupinus albus L.) roots, and Yau and Sands (1992) in elm (Ulmus spp.) root suckers. However, Atwell and Newsome (1990) reported that increased P s decreased ∆l/∆t of lupin roots but did not significantly affect P. found that increased Ps in pea roots decreased Ψπ but did not change P. They con- cluded that decreased Ψπ was caused by accumulation of osmotica in the root elongation zone resulting from lower ∆l/∆t. No explanation of these apparently contradictory results can be offered until we have a detailed understanding of the effects of Q on P in roots.
